Abstract We describe the design and construction of a new rapid 3-channel CCD photometer, dedicated to simultaneous multicolor photometric observations of rapidly variable objects. This photometer is equipped on the 1-meter telescope at the Xinglong Observatory. It allows simultaneous imaging within fields of view of 18. 
INTRODUCTION
Multicolor CCD photometry is of importance to a variety of astrophysical fields, and has been widely applied in astronomical observations including international observation campaigns, e.g., the Whole Earth Telescope (WET; Nather et al. 1990 ). The main purpose is to measure the spectral energy distribution and/or its evolution in terms of variable objects, such as variable stars, active galactic nuclei or gamma-ray burst (GRB) afterglows (e.g., Greiner et al. 2008) , in order to identify the underlying mechanism and physical origin of the observed properties (e.g., Warner 2006) .
Traditional multicolor CCD photometry is performed by sequentially taking observations through all filters with a filter wheel. It allows precise measurements of brightness and spectral properties (e.g., color indices) of most objects, even under nonphotometric conditions. However, with regard to rapid variables and fast moving objects, photometry obtained in several bands under different states would lead to incorrect results, due to rapid changes of brightness or color, or field stars (Reif et al. 1999) . Therefore, there is a new need for a simultaneous multicolor CCD photometer that can be used to derive simultaneous imaging in different filter bands. Simultaneous multicolor CCD photometry has advantages in making observations simultaneously in different filter bands, as well as with higher temporal resolution. Such advantages are of particular importance to the studies of short-period variables (e.g. cataclysmic variables and δ Scuti stars) and GRBs (Greiner et al. 2008) .
Multicolor photometers with simultaneous imaging capabilities have been made in a number of countries. Examples include: (1) the Gamma-Ray Burst Optical and Near-infrared Detector (GROND: seven channels, four for visual, three for near-infrared), operated at the 2.2-meter telescope at La Silla (Greiner et al. 2008) ; (2) the ultrafast, triple-beam CCD camera (ULTRACAM; three-color optical imaging at frame rates of up to 500Hz), mounted on both the 4.2-meter William Herschel Telescope and the 8.2-meter Very Large Telescope at La Palma (Dhillon et al. 2007) ; (3) the two-channel robotic CCD-camera (two optical channels), attached to the 0.8-meter Cassegrain telescope at the Wendelstein Observatory (Goessl et al. 2003) ; (4) the Multicolor Imaging Telescopes for Survey and Monstrous Explosions (MITSuME; three optical channels with g ′ , R C and I C filters), equipped on two 50-centimeter optical telescopes at Akeno and Okayama, respectively (Kotani et al. 2005) .
Motivated by the follow-up multicolor observation of the GRB afterglows, which trigger alerts from the Space Variable Objects Monitor (SVOM) mission, we specifically designed and constructed a simultaneous 3-channel CCD photometer in the Sloan Digital Sky Survey (SDSS) g ′ , r ′ and i ′ bands. This photometer is equipped on the 1-meter telescope at the Xinglong Observatory of the National Astronomical Observatories, Chinese Academy of Sciences (NAOC). In addition to performing optical observations for various variable objects, the 1-meter telescope serves as one of the ground-based follow-up telescopes of the SVOM mission, for rapidly estimating photometric redshift of GRBs (Paul et al. 2011 ). This paper is organized as follows. In Section 2 we describe the design and structure of the 3-channel CCD photometer. In Sections 3 and 4 results from the calibration and performance are respectively given. We conclude with a summary in Section 5.
STRUCTURE OF THE 3-CHANNEL CCD PHOTOMETER
The 3-channel CCD photometer is attached to the 1-meter telescope at the Xinglong Observatory of NAOC, where the average seeing is around 1.5
′′ . The telescope is a Ritchey-Chretien telescope with a focal length of 8000 mm and two Nasmyth foci, on an Alt-Az mount. We designed the 3-channel CCD photometer with the purpose of expanding the capabilities of the 1-meter telescope to research on rapidly variable objects.
Mechanical Sturcture
The photometer is composed of five components (Figs. 1 and 2).
(1) Folding mirror: this mirror is located between the telescope and the Philips prism to keep the photometer in a compact structure. (2) Philips prism: being the heart of the 3-channel CCD photometer, it is a Philips-type trichroic beam splitter prism, used to separate the three color beams. (Berquist & Berquist 1996) . (3) Correctors/reducers: we designed three groups of correctors/reducers for the three channels, respectively, in order to obtain optimized optical quality. (4) Filter slots: this design offers flexibility in choosing the passband in each channel. Observers can choose a group of filters among the two groups. (5) CCD detectors: three CCD detectors were selected for optimizing efficiency in each channel.
Optical Structure
The final choices for the three channels are the SDSS g ′ , r ′ and i ′ bands (Fig. 3) , respectively. Compared to the Johnson/Bessel filter system, the SDSS filter system has some advantages: (1) Five bands cover from 300 nm to the sensitivity limit of silicon CCD detectors near 1100 nm, and there are small overlaps between neighboring bands. (2) The [OI] nightsky emission line at 557.7 nm between the g ′ and r ′ bands is filtered (Fukugita et al. 1996) . The separation of the three bands is achieved by using a Philips prism (Berquist & Berquist 1996) . Figure 4 shows the structure of the Philips prism employed by the 3-channel CCD photometer. (Fukugita et al. 1996) . The dotted line represents quantum efficiency as described in Fukugita et al. (1996) .
For its air gap and dichroic surfaces, the i ′ band beam undergoes total internal reflection at the air gap near surface A, while the g ′ band beam is reflected by surface B and the r ′ band beam passes through. In our design, the Philips prism could not reproduce any overlap between the passbands. Therefore, the profiles in the three bands are slightly different from the standard SDSS definition due to the small overlapping region in low transmission parts of the SDSS bands. To obtain a larger field of view (FOV) and reasonable pixel scales, we designed three groups of correctors/reducers (see Fig. 2 ) to achieve an effective focal length of about 5000 mm for an f /8 telescope and optimize chromatic aberration correction. 
CCD Detectors
Each channel is equipped with a CCD detector, which is backside illuminated. For each specific channel, we take the spectroscopic quantum efficiency (QE), readout noise, pixel size and chip size of the CCD detector under consideration. Parameters of the selected CCD detectors are listed in Table 1 . Figure 5 shows their QE curves. Considering the focal length of the whole system, the FOVs and plate scales of three channels are listed in Table 2 . 
Software
The software of the 3-channel CCD photometer is composed of software that controls the CCD and software that schedules observations. The control software for each CCD is developed by our group based on the Software Development Kit supplied by their manufacturer.
The observation scheduling software provides several modes for different purposes.
(1) Single camera control: designed for system tuning and maintenance.
(2) Triple camera simultaneous control: three cameras operate simultaneously with different frame rates. This can provide multicolor observations with maximum efficiency, in which the highest temporal resolution can be achieved. Notes: We acquired five frames of the same star with one sequence in each band to avoid the instability of our instrument.
(3) Triple camera sync-control: though the exposure time and parameter setting could be different, the frame rates of the three cameras would always stay the same in this mode. Its prime objective is to schedule observations of rapidly variable objects for achieving precise light curves and color indices.
The details of the software will be described in a future paper by Lu et al. (2012, in preparation) .
SYSTEM CALIBRATION
The 3-channel CCD photometer had first light on the 1-meter telescope at the Xinglong Observatory in July 2010, and adjustments to the system were completed in August. Parfocal alignment of the three channels was achieved after careful tuning, and the flexure caused by the weight of the CCD detectors is negligible. The system was calibrated during two observing runs in August 2010. The standard stars used for calibration were chosen from SDSS (Smith et al. 2002) and Landolt (Landolt 1992 ) standard stars. Details of the stars are listed in Tables 3 and 4 , which include star name, coordinate, magnitude (magnitude of the r ′ band in Table 3 , and that of the V band in Table 4 ), color indices (color indices Table 3 , and B − V , U − B, V − R and R − I in Table 4 ), and observing sequences of each star on August 5 and 14, respectively. The sky was clear and the atmosphere was stable during the observation runs (original images are shown in Fig. 6 ). The calibration procedure included the determination of photometric zero-points for the three bands, efficiency measurement, check for vignetting, field curvature (described in Fig. 7 ) and parfocality. g ' c h a n n e l r ' c h a n n e l i ' c h a n n e l FWHM degradations (%) Fig. 7 Degradations in optical quality along the off angle direction in the three channels. We used the FWHM of the stars in the same fields (airmass 1.402) to evaluate the optical quality. The degradations in optical quality caused by aberrations and the possible CCD tilt are within 3%. 
System Efficiency
We took great care to maintain the highest possible efficiency of the photometer during its design and manufacture, including choosing CCD detectors for the specific bands, optimizing the dichroic coatings and air-gap in the Philips prisms, and designing broadband AR coatings for the correctors/reducers. During the system's calibration, we observed BD +21
• 0607 (airmass = 2), one of the fundamental standards of the SDSS system (Smith et al. 2002) , to measure the total efficiency of the whole system, thereby estimating the efficiencies of the 3-channel CCD photometer, which are 58.6%, Notes: 1 We calculate the efficiency of the 3-channel CCD photometer by observing BD +21 • 0607, which is one of the fundamental standards in the u ′ g ′ r ′ i ′ z ′ standard star system (Smith et al. 2002) . 2 The "calculated value" means the photon flux arriving at the primary mirror (photon cm −2 s −1 ), which is corrected for the transmission of the SDSS filters and atmospheric extinction. 3 The "observed value" means the photon flux received by CCD detectors (photon s −1 ). 4 It means the total efficiency of the whole system, including the 1-meter telescope and 3-channel CCD photometer. 5 The efficiency of the 1-meter telescope is estimated by observing SDSS standards at the other Nasmyth focus without the 3-channel CCD photometer.
64.0% and 61.8% in the g ′ , r ′ and i ′ bands, respectively (Table 5 ). Considering the complicated optical structures, including the folding mirror, the Philips prism and 10 air-glass surfaces in each channel, the efficiency meets our design specifications.
Limiting Magnitudes
Photometric zero points of the g ′ , r ′ and i ′ bands were determined by observing Vega (α Lyr) at different airmasses, which were 20.74, 19.44 and 18.06, respectively (1 s exposure time and airmass = 1) (Fig. 8) . The data reduction of the standard stars shows that the photometric precision is better than 1% in 11-15 mag in the r ′ band during a 10-second exposure, and the slightly lower precision in the g ′ and i ′ bands is mostly due to the lower efficiency (Fig. 9) . Increasing the exposure time can obviously improve the actual photometric precision thanks to the higher signal-to-noise ratio (SNR). Meanwhile, the extinction coefficients in the g ′ , r ′ and i ′ bands of the Xinglong Observatory were measured and are listed in Table 6 . Based on the determination of zero points, SNR and extinction coefficients, we calculated limiting magnitudes, which are 15.13, 16.57 and 15.68 in the g ′ , r ′ and i ′ bands, respectively (1 s exposure time and SNR = 5).
Photometric System Transformations
The calibration observing runs were taken on 2010 August 5 and 14, under photometric conditions, except for the first two hours on August 14 because of moonlight. Based on the observations of the SDSS standard stars, the transformation equations between the 3-channel CCD photometer (T ) and the SDSS filter system (S) are as follows (August 5): The transformation equations between the 3-channel CCD photometer (T ) and the Johnson-Bessel filter system (J) are as follows (August 5):
For obtaining reliable system transformations, we observed standard stars in a wide range of spectral types, airmasses and high SNRs. The accuracies of the system transformation are 2% in the r ′ and i ′ bands, and 3% in the g ′ band (Fig. 10) . We also calculated atmospheric extinction coefficients and sky brightness at the Xinglong Observatory, and compared them with the previous results (Shi et al. 1998 , Zheng et al. 2009 , Zhou et al. 2009 (Table 4) . The atmospheric extinction coefficients we acquired are higher because of the high humidity in summer at the Xinglong Observatory, where better conditions for astronomy usually occur in winter.
PERFORMANCE OF THE 3-CHANNEL CCD PHOTOMETER
The 3-channel CCD photometer is now in use at the Xinglong Observatory. The first observation of Type IIn supernova SN2010jl on 2010 November 10 shows that its performance satisfies our expectations (Zhang et al. 2012 in preparation) . We also participated in a WET (Nather et al. 1990) campaign in May, 2011, and obtained high quality data of pulsating white dwarf stars 1 . GD 358, which was observed in the WET campaign in 2011, is a DBV star, whose variabilities arise from non-radial gravity wave pulsations (Winget et al. 1982) . We reduced the original images to estimate the photometric accuracy of our system. We chose two stars as comparisons for eliminating the extinction effects, while the other two stars were utilized as check stars to test if the comparisons are variables. Figure 11 shows that the magnitudes of these four stars are stable during our observations. Consequently, they can be used to measure the photometric accuracy and the differential magnitudes of the target. Detailed information about GD 358, the comparison stars, and the check stars is listed in Table 7 . Table 8 lists the observing log on 2011 May 30. A 10-second exposure time is set in all bands to balance the photometric accuracy and the temporal resolution. Figure 11 shows the light curves of GD 358 and the comparison in the three channels. The photometric accuracies of the g ′ , r ′ and i ′ bands are 0.52%, 0.31% and 0.89%, respectively, which are estimated by the RMS of the differential magnitudes of the four comparison stars. Because of the higher readout noise, the differential photometric accuracy of the i ′ band is lower than the other two bands. The 3-channel CCD photometer performs well in simultaneous multicolor photometry of rapidly variable objects. Figures 9-11 show the results, where the actual precision (due to the SNR of the target) is better than 1% in 11-15 mag in the r ′ band during 10 seconds of exposure (Sect. 3.2), the transformation accuracies between our system and the SDSS standard system are about the 2% in r ′ and i ′ bands, and 3% in the g ′ band (Sect. 3.3), and the accuracies for differential photometry are 0.52%, 0.31% and 0.89% in the g ′ , r ′ and i ′ bands, respectively.
SUMMARY
The 3-channel CCD photometer attached to the 1-meter telescope at the Xinglong Observatory is a 3-color photometric system. It allows simultaneous imaging within FOVs of 18.8 ′ ×18.8 ′ , 18.2 ′ ×17.6 ′ and 9.2 ′ × 9.2 ′ in the SDSS g ′ , r ′ and i ′ bands, respectively. An efficiency of about 60% and ideal image quality for all three channels are achieved, by using a Philips type trichroic beam splitter prism and correctors/reducers. The limiting magnitudes are 15.13, 16.57 and 15.68 in the g ′ , r ′ and i ′ bands, respectively. The differential photometric accuracies are 0.52%, 0.31% and 0.89% in the g ′ , r ′ and i ′ bands, respectively.
Observations of a supernova, variables and asteroids show that the properties of the 3-channel CCD photometer meet the specification and expectation. To further improve the capabilities, we plan to optimize the hardware support. The next step is to replace the current CCDs with three uniform detectors, in order to decrease the systematic error caused by the differences of detectors in the three channels.
